Background Modern ceramic-on-ceramic bearings have become attractive alternatives to conventional polyethylene in total hip arthroplasty (THA) as a result of their low wear and minimal particle production. However, 28-mm heads in ceramic-on-ceramic bearing couples have been associated with ceramic fracture. To address these issues, 32-mm and larger ceramic heads with a titanium-alloy sleeve have been introduced, although limited data are available on their durability and clinical outcomes. Questions/purposes We determined (1) the survivorship of the primary ceramic-on-ceramic THA using a 32-mm ceramic head with a titanium-alloy sleeve at a minimum followup of 5 years; (2) Harris hip scores; (3) the incidence of ceramic fracture and noisy hip; and (4) the proportion of hips showing radiographic evidence of osteolysis. Methods From November 2005 to August 2009, we performed 301 ceramic-on-ceramic THAs using a 32-mm ceramic head with a titanium-alloy sleeve in 270 patients. Of these, 12 patients (12 hips [4%]) died from problems unrelated to surgery and 13 patients (15 hips [5%]) were lost during followup before a minimum of 5 years had been reached, leaving 245 patients who had 274 THAs with a minimum followup of 5 years (mean, 6.5 years; range, 5-9 years) in this retrospective analysis. During the study period, 30% (301 of 997 hips) were performed with this articulation based on the operating surgeon's discretion. The mean patient age at the time of surgery was 55 years (range, 16-82 years). All operations were performed at a single center. All of the ceramic implants were hot isostatic-pressed, laser-marked, proof-tested third-generation alumina. We determined the implant survival, Harris hip scores, incidence of ceramic fracture or noisy hips (based on a questionnaire), and presence of osteolysis.
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Introduction
Conventional polyethylene is associated with wear-induced osteolysis and/or loosening at long-term followup in THA [17] . Thus, two principal approaches have been advocated: improving the polyethylene or using a hard-on-hard bearing [19] . In addition to reducing the prospect of polyethylene wear, hard-on-hard bearings provide options for larger femoral head sizes, to increase the head-neck ratio and the ROM before which impingement occurs, effectively reducing dislocation rates [5, 20] . However, metal-on-metal bearings with large femoral heads have been associated with unacceptably high rates of revision and potentially extensive soft tissue damage, leading to serious disability [1, 6] . Thus, ceramic-on-ceramic bearings have become popular [29] .
Modern ceramic-on-ceramic bearings have low wear and minimal particle production, and as a result have become attractive alternatives that are commonly recommended for young and active patients [13, 35] . However, the frequency of ceramic head fracture associated with one design of a short-neck modular alumina femoral head was 1.4% [14] , and until recently, the most commonly used size for a ceramic head was 28 mm, and 28-mm heads might be at the risk of dislocation and femoral head fracture [2, 4, 14, 28] . Nonuniform contact between the ceramic head and the metal taper increases the risk of a ceramic head fracture [14] , and the presence of small debris between the ceramic head and the metal taper results in a reduction in the load to fracture [34] . In addition, several case studies have shown that the implantation of a ceramic head on a damaged taper may result in premature fracture of the ceramic head [14, 23, 25] . Because unexpected or undetected damage on the taper or the presence of any contaminant between the metal taper and ceramic head during primary THA increases the risk of a ceramic head fracture [34] , an absolutely clean interface is of primary importance. A ceramic head with a titaniumalloy sleeve was introduced to solve such issues by minimizing the alteration in the interface between the ceramic head and the metal taper. The application of the titanium-alloy sleeve in a primary ceramic-on-ceramic THA has the advantages of protecting the taper from unexpected damage or contamination and, hence, reduces the risk of a ceramic head fracture. To our knowledge, no other studies to date have reported on the application of a ceramic head with a titanium-alloy sleeve for primary THA.
We therefore sought to determine (1) the survivorship of the primary ceramic-on-ceramic THA using a 32-mm ceramic head with a titanium-alloy sleeve at a minimum followup of 5 years; (2) Harris hip scores; (3) the incidence of ceramic fracture and noisy hip; and (4) the proportion of hips showing radiographic evidence of osteolysis.
Materials and Methods
From November 2005 to August 2009, we performed 997 cementless THAs in 891 patients. During the study period, we used third-generation alumina ceramic-on-ceramic bearings in all hips. Of these, 30% (301 of 997 THAs) were performed with a 32-mm ceramic head with a titanium-alloy sleeve combined with a proximal modular stem in 270 patients. The other 696 THAs were performed with a 28-mm or 32-mm ceramic head with no titanium-alloy sleeve combined with either a proximal modular stem or grit-blasted tapered wedge stem in 621 patients. The decision for use of a 32-mm ceramic head with a titanium-alloy sleeve was at the operating surgeon's discretion. There were no general indications for selecting the bearing surface during the study period. Of the 270 patients (301 hips) managed with a 32-mm ceramic head with a titanium-alloy sleeve, 12 patients (12 hips [4%]) died from problems unrelated to surgery and 13 patients (15 hips [5%]) were lost during followup before a minimum of 5 years had been reached, and none of the 12 patients who died or of the 13 lost patients had undergone revision or reoperation before the last followup. The remaining 245 patients (274 hips) constituted the study cohort. There were 160 men and 85 women. The mean age at the time of the index surgery was 55 years (range, 16-82 years), and the mean body mass index was 25 kg/m 2 (range, 15-36 kg/m 2 ). The mean followup was 6.5 years (range, 5-9 years). The most common diagnosis was primary coxarthrosis or coxarthrosis after hip dysplasia (46%) ( Table 1 ). Institutional review board approval was obtained for this study.
All of the index arthroplasties were performed at one institution by one of two high-volume hip arthroplasty surgeons (Y-SP, Y-WM) through an anterolateral approach. For all patients, the THA involved a 32-mm ceramic head (BIOLOX 1 forte; CeramTec AG, Plochingen, Germany) with a titanium-alloy sleeve that was preassembled at the factory. As a result, no contaminant was found on the contact surface between the ceramic head and the metal sleeve ( Fig. 1 ). The acetabular components were the Duraloc 1 option cup (DePuy/J&J, Warsaw, IN, USA; n = 263) and Plasmacup 1 SC (Aesculap AG & Co, Tuttlingen, Germany; n = 11). The femoral components were the S-ROM 1 stem (DePuy/J&J) in all hips.
Clinical and radiological evaluation was performed preoperatively, at 6 weeks, 3 months, 6 months, and 1 year postoperatively and annually thereafter. The clinical outcomes were assessed using Harris hip scores [7] during each visit, and a Harris hip score of C 90 points was considered to be an excellent outcome; 80 to 89 points was a good outcome; 70 to 79 points was a fair outcome; and \ 70 points was a poor outcome. Each patient completed a questionnaire that included the items regarding any noise had occurred since the time of the operation and if so, whether the noise was a squeaking, clicking, or any other noises as well as the frequency and reproducibility of the noise, activities associated with the noise, awareness of the noise by other people, any pain associated with the noise, and effect of the noise on the quality of life. The radiological evaluations consisted of an AP and crosstable lateral radiographs. These radiographs were reviewed at the final followup by two independent observers (S-JL, S-PJ) with respect to the stability of the acetabular and the femoral components and the presence of the osteolysis. Cup loosening was defined as the presence of a radiolucent line around the entire circumference, a change in the inclination of the angle of at least 5°, or a migration of at least 2 mm [9] . Stem loosening was defined as a complete radiolucent line, a progressive axial subsidence of[3 mm, or a shift in the varus or valgus [3] . Osteolysis was defined as a periprosthetic cystic or scalloped lesion with a diameter exceeding 2 mm that had not been present on the immediate postoperative radiographs [11] .
A survivorship analysis was performed by using a Kaplan-Meier estimator with an endpoint of revision for any reason, and patients who were lost to followup were regarded as censored cases. The statistical analysis was performed using IBM SPSS Statistics Version 22.0 (IBM Corp, Somers, NY, USA).
Results
The Kaplan-Meier survivorship for ceramic-on-ceramic bearings in primary THA using a 32-mm ceramic head with a titanium-alloy sleeve, with an endpoint of revision for any reason, was 98% (95% confidence interval [CI], 96%-100%) at 9 years (Fig. 2) .
The mean Harris hip score improved from 47 points (range, 17-77 points) preoperatively to 93 points (range, 45-100 points) at the time of the final followup. The outcome was categorized as good to excellent in 97% of the hips, fair in five hips, and poor in four hips. Of the nine hips in the fair or poor category, three hips had a deep infection, two hips had a femoral stem loosening, one hip had a peroneal nerve palsy, one hip had a ceramic head fracture, and the other two had been diagnosed as having iliopsoas tendonitis by ultrasonography.
One patient (0.4%) sustained a fracture of the ceramic femoral head 6 years postoperatively, without any obvious . During revision, the metal taper was protected by the titaniumalloy sleeve that had been inserted during the primary THA. No ceramic liner fracture was seen during followup. The incidence of an audible hip noise at the last followup was identified in five (1.8%) of the 274 hips. One of the patients produced a squeaking sound when rising from a sitting or squatting position and the other four produced an intermittent clicking sound while walking. The hip noise was not associated with any pain or any modification in the daily activities of any patient. Furthermore, no patient could reproduce the noise and required revision.
Periprosthetic osteolysis was detected in three hips (1.1%), but none of these hips showed pain or any signs of inflammation, and the erythrocyte sedimentation rate and the C-reactive protein values were within normal limits (Fig. 3 ). All acetabular components showed radiographic evidence of osseointegration at the last followup. Two (0.7%) of 274 hips showed radiographic signs of loosening of the femoral stem, and both had a 9-mm small-diameter stem. The revision surgery took place at 29 and 45 months, respectively, and these stems were observed to have fibrous ingrowth.
Discussion
The ceramic head with a titanium-alloy sleeve offers a modular solution for a damaged taper in revision hip surgery, and a few studies have discussed the outcomes of revision THA using this system [8, 10, 12, 32] . However, this system also can be used in primary THA, and it may reduce the risk of a ceramic head fracture by minimizing the alterations in the interface between the metal taper and the ceramic head. We therefore determined (1) the survival rate of the primary ceramic-on-ceramic THA using a 32-mm ceramic head with a titanium-alloy sleeve at a minimum followup of 5 years; (2) Harris hip scores; (3) the incidence of ceramic fracture and noisy hip; and (4) the proportion of hips showing radiographic evidence of osteolysis.
Our study has several limitations. First, this study is limited by its retrospective nature and by the lack of a control group. During the study period, only 30% of patients received a 32-mm ceramic head with a titanium-alloy sleeve and implant selection was primarily at the operating surgeon's discretion. There were no general indications for selecting the bearing surface during the study period and the rationale for choice of implant could not be ascertained from this retrospective review. Therefore, there is the potential for selection bias and it is impossible to draw conclusions regarding the outcomes of this design compared with another design in a similar group of patients. However, this is the first large series reporting on the results of application of a 32-mm ceramic head with titanium-alloy sleeve in primary THA. Second, the length of followup was not uniform for all patients. However, all patients with implants had a minimum of 5 years followup and the mean followup was 6.5 years. This length of followup allowed us to determine the mediumterm outcomes in this population. Third, we evaluated periprosthetic osteolysis on plain radiographs. CT scans would be more sensitive to detect the presence and extent of osteolysis [26] , but it was not used in this study. Fourth, data have been obtained from 32-mm third-generation ceramic heads with titanium-alloy sleeves. Although the incidence of a ceramic head fracture is very low (0.4%) in our series, a larger (36 mm or greater) ceramic head with a metal sleeve made of a fourth-generation ceramic is currently available on the market. Lastly, we studied only one design of femoral stem combined with a 32-mm sleeved ceramic head and therefore cannot generalize our findings to all third-generation alumina ceramic-on-ceramic hip prostheses.
We determined the survivorship for ceramic-on-ceramic bearings in primary THA using a 32-mm ceramic head with a titanium-alloy sleeve was 97.5% at 9 years. Several reports have discussed using a ceramic head with a titanium-alloy sleeve in revision hip arthroplasty [8, 10, 12, 32] . Jack et al.
[10] reported on the isolated acetabular revision of 165 hips that were followed for a mean of 5 years with a 97% survival rate for acetabular components at 8 years. Kim et al. [12] also reported on an isolated acetabular revision of 53 hips followed for a mean of 6 years with a 94% survival rate for acetabular components ( Table 2 ). We found that the mean Harris hip score was 93 points at a mean followup of 6.5 years. Our results were comparable to those in other reports of THA using 32-mm third-generation alumina ceramic-on-ceramic bearings [18, 21, 30, 31] . The mean Harris hip score has ranged from 89 to 97 points at a mean followup of 8.1 years (range, 6.2-12.9 years) ( Table 3 ).
In our series of ceramic-on-ceramic primary THA with a 32-mm ceramic head with a titanium-alloy sleeve, one (0.4%) ceramic head was fractured. Jack et al.
[10] reported a 1.2% fracture rate, both in a 32-mm alumina ceramic head with a metal sleeve, after isolated acetabular revision. The rates of ceramic head fracture for 28-mm alumina-on-alumina ceramic bearings of up to 1.4% have been reported in primary THA [14] . We found that alumina ceramic head fracture occurs even after the use of a 32-mm ceramic head with a titanium-alloy sleeve. Although a very low incidence of ceramic head fracture was observed, our findings suggest that patients should be informed of this problem when considering a THA using a 32-mm ceramic head with a titanium-alloy sleeve. Another concern regarding the use of ceramic bearings is that noise (squeaking or clicking) can occur. The incidence of squeaking ranged from 0% to 18% in various studies [27, 33, 35] . We identified five hips (1.8%) with noise after the use of a 32-mm ceramic head. Four of these produced an intermittent clicking noise and one produced squeaking. None was associated with any pain or any modification in daily activities, and none required revision surgery.
One major concern of using a ceramic head with a titanium-alloy sleeve is the formation of a metal-to-metal interface between the sleeve and the taper. Several reports have documented high revision rates as a result of corrosion at the cone/taper interface after large-diameter metalon-metal THAs [15, 16, 22] . In our series, periprosthetic osteolysis was detected in 1.1% (three of 274 hips), but none of these hips showed any pain or any signs of infection. Although we did not record the levels of metal ions or revise the hips with osteolysis, a recent in vitro study has demonstrated that a large ceramic head with a metal sleeve does not have an effect on the corrosion between the metal sleeve and the metal taper [24] . It is currently unclear whether there is fretting corrosion and trunnion wear in a sleeved ceramic head in vivo.
To the best of our knowledge, our study may be the first to report on the clinical outcomes of using a 32-mm ceramic head with a titanium-alloy sleeve for a primary ceramic-on-ceramic THA. We found a survival rate of 97.5% at 9 years, and our observations support the continued use of a 32-mm ceramic head with a titanium-alloy sleeve in primary THA. However, ceramic head fractures may still occur, although with a very low incidence rate. Long-term observation is also required for periprosthetic osteolysis whether it comes from corrosion/fretting between the taper and sleeve. Additional understanding could be gleaned from retrieval analysis of failed cases with osteolysis. Our findings also suggest that surgeons should be aware of the potential risks of ceramic fracture, noise, and osteolysis that are associated with the use of a ceramic head with a titanium-alloy sleeve. Further followup is required before a definite judgment can be made regarding the long-term outcomes.
